The effect of epitaxial misorientation on substrates having vicinal surfaces is studied using two simple geometrical models. The misorientations in two epitaxial systems, single layers and superlattices, can be partially explained by means of these models. Furthermore, the fundamentals of a new description tool for orientation relationships of epitaxial systems are outlined briefly, and two examples of application are given.
Introduction
From the geometrical point of view epitaxial systems are commonly characterized by simple epitaxial laws ((hil) of deposit parallel to (h'k'l') of substrate; [uυw] of deposit parallel to [u'υ'ω'] of substrate). However, there is a lot of experimental evidence (see, e.g., [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] ) that the epitaxial laws are an oversimplification not suitable for the detailed description of structural relations between substrate and deposit and, therefore, of their correlation with the growth process and physical properties.
A frequent origin for deviations from simple overgrowth relations is the cut-off of the substrate surface off high-symmetric net planes (vicinal surfaces), which leads to additional tilt of the deposit. A simple geometrical model has been suggested by Nagai [1] and by Pond et al. [2] in order to understand this tilt effect. Reviews concerning different reasons of epitaxial misorientation have been published recently by Aindow and Pond [3] and by Mack [15] .
The aim of this paper is a discussion and a comparison of epitaxial misorientation on miscut substrates, which partially have been published earlier [13, 14] , 'This paper is dedicated to Professor Dr. Julian Auleytner on the occasion of his 70th birthday.
(279) calculated with the help of simple geometrical models. Single layers and superlattices are considered.
Furthermore, a recently developed description tool for orientation relationships of epitaxial systems using transformation matrices is described briefly. Results of the application of this description tool will be also given.
OVergrowth models
Two simple models of epitaxial overgrowth on vicinal substrate surfaces, which may be regarded as geometrical limiting cases, are shown in Figs. 1 and 2 .
Model I discussed firstly by Nagai [1] is sketched in a simplified manner. The atomic configurations around the steps in the interface are accommodated and can be regarded as partial dislocations (interfacial dislocations) occurring additionally to dislocations relieving lateral mismatch (misfit dislocations). The misfit perpendicular to the surface leads to an additional misorientation of the deposit. For substrate cut-offs up to a few degrees there exists the simple relation where δD, δS are the tilt angles of deposit and substrate to the surface of the epitaxial sample, and dD, dS are the corresponding monolayer thicknesses (net plane distances) -see Fig. 1a . The lattice of the deposit is rigidly rotated with respect to that of the substrate. For cubic metrics of both lattices and negligible distortions of deposit and substrate, the angle differences δm = δD -δS (misorientation angles) are the same for any corresponding crystallographic directions of both lattices (Fig. 1b) .
Model II implies parallel overgrowth of the deposit [14] . This model is less probable for thicker single layers and is discussed only in connection with the overgrowth of superlattices (Fig. 2a) . In model l[ the nature of the atomic arrangement at the steps in every monolayer is not considered and therefore in this model, lateral misfit is not included. In order to usserstand the diffraction properties of such an equally spaced stair-like layer system, the analytical expression for the diffracted intensity according to the kinematic theory of diffraction can be used [14] . It yields that maximum intensity is obtained for rows R in the reciprocal lattice unning through the reciprocal lattice points of the substrate perpendicular to the surface (Fig. 2b) . Some geometrical features of this result can be seen also from the relation between direct and reciprocal unit supercells, presented in the position of the point corresponding to the peak intensity is determined by the monolayer distance dI). It becomes evident that model II leads to (at most) monoclinic metrics of the layer. It should be noted that within the validity of the model the same expression (1) holds for the angle δ,n which is measured as the misorientation between the substrate and the average lattice of the deposit using nearly symmetric reflections. The reciprocal lattice points corresponding to the superlattice peaks lie on the row R, ass the above considerations are valid for any of these reciprocal lattice vection including that of the average lattice.
-The reciprocal lattice relations characteristic of model II remain valid also for inclined monolayers of the deposit as far as one supercell edge is perpendicular to the substrate lattice planes which are nearly parallel to the surface. This is not very probable, but could be fulfilled statistically.
Exact description of the orientation relationships
For an exact description of the orientation relationships of epitaxial samples, transformation matrices can be used [13] . These matrices transform the (average) lattice of the substrate (coordinate system A) into the (average) lattice of the deposit (coordinate system B) and vice versa. Using the notation of Bowles ass Mackenzie (introduced and extensively described in Ref. [16] and also used in many textbooks, see, e.g., [17] ) the transformation matrix transforms the direct lattice of the substrate into the direct lattice of the deposit. The components ΔNij are the error limits, which depend on the precision and accuracy of the experimental methods.
The transformation matrices characterize entirely the epitaxial system from the lattice geometrical point of view. For a survey of the different effects of the 1attice transformation, these matrices can be divided into several faction using the experimental results and the rotation matrix of the ideal orientation relationship. For the transformation from the direct lattice of the substrate into the direct lattice of the deposit one obtains
From the rotation matrix of epitaxial misorientation, the angle of misorientation and the axis of misorientation can be derived. The rotation matrix of the ideal orientation relationship contains the same information as the law of overgrowth.
The transformation matrices can be further used to calculate the admissible line defects at the interface using Pond's theory [18] , to derive the symmetry group of the deformed deposit, and to deduce information concerning lattice geometry.
A detailed explanation of this description tool is given by Mack [15] .
Discussion of some examples
The angles δD as a function of the vicinal angles δ S on CdTe (111) deposited on miscut (001) GaAs, which were measured by X-ray diffractometry on selected samples, are shown in Fig. 3 . The constant ratio δ D /δS 1.32 obeys relation (1) .
Thus the rigid model I should be valid as supposed in principle also by some other authors for this [11, 12] and other material systems [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . On the other hand, for a number of specimens there resulted other, smaller as well as greater values of δD/ES.
Apparently, the overgrowth according to model I corresposss to a state which is dominated only by geometrical conditions. Further parameters, connected with the growth process, may lead to deviations from these conditions and, therefore, influence the actual overgrowth relationships.
For two epitaxial specimens of CdTe on GaAs (substrate miscut 2° around [110]), one in agreement, one in disagreement with model I, the transformation matrices determined by X-ray goniometry [13] are given below. The transformation matrix of the sample 1, is significantly different from that of sample 2,
The decomposition of the transformation matrices leads to the conclusion that the epitaxial samples differ mostly in the rotation matrices of epitaxial misorientation. The rotation parameters were derived from these matrices and are given in Table. Within the range of the error limits, the samples differ only in the angles of epitaxial misorientation. Following Pond's theory of line defects in interfacial dislocations exist, as discussed elsewhere [13] . On the other hand, according to this theory, one can expect that in sample 2 in addition to the common interfacial and misfit dislocations other crystal defects are present.
The calculation of the symmetry group of the deformed deposits gives the point symmetry groups m or 1 corresponding to monoclinic or triclinic symmetry.
An example of epitaxial overgrowth which corresponds to model II has been found at a superlattice of (In,Ga)As/GaAs on GaAs deposited on miscut (001) GaAs [14] . In X-ray rocking curves, substrate peak and superlattice peaks near the substrate peak do not change the position on varying the azimuth of incidence (Fig. 4) . This means that the reciprocal lattice row of the superlattice uns through the reciprocal lattice point of the substrate as suggested by model H. The angle distances of the superlattice peaks are changed corresponding to the predictions of the model.
The diffraction patterns of an analogous superlattice specimen, which cannot be interpreted by means of models I and II is shown in Fig. 5 . From the distance of the substrate and the average-lattice peaks it follows that there exists an epitaxial misorientation much greater than that predicted by the geometrical models (dD/dS = 1.01; δD/δS 1.24). Therefore, in this case the substrate miscut cannot be the immediate reason of the deposit misorientation.
Conclusions
The experimental examples selected from two different single ass one multilayer epitaxial systems have shown that in certain cases simple geometrical models can be useful to interpret the effect of epitaxial misorientation. However, in both systems examples exist which cannot be interpreted on the basis of the considered models. Obviously, the whole phenomenon of epitaxial misorientation is a conse-quence of the accommodation of the deposit lattice to that of the substrate. This is a complex process which includes elastical distortion of the deposit lattice, vicinal step-related interfacial dislocations and further crystal defects. The question, under which conditions the simple geometrical models are valid, demands more systematic studies in dependence on geometrical and growth parameters. Characterization of epitaxial systems by means of transformation matrices can be a helpful tool for such investigations.
